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Polychlorinated biphenyls (PCBs) can be oxygenated to form very reactive hydroquinone and quinone
products. A guiding hypothesis in the PCB research community is that some of the detrimental health
effects of some PCBs are a consequence of these oxygenated forms undergoing one-electron oxidation
or reduction, generating semiquinone radicals (SQ
•-). These radicals can enter into a futile redox cycle
resulting in the formation of reactive oxygen species, that is, superoxide and hydrogen peroxide. Here,
we examine some of the properties and chemistry of these semiquinone free radicals. Using electron
paramagnetic resonance (EPR) to detect SQ
•- formation, we observed that (i) xanthine oxidase can reduce
quinone PCBs to the corresponding SQ
•-; (ii) the heme-containing peroxidases (horseradish and
lactoperoxidase) can oxidize hydroquinone PCBs to the corresponding SQ
•-; (iii) tyrosinase acting on
PCB ortho-hydroquinones leads to the formation of SQ
•-; (iv) mixtures of PCB quinone and hydroquinone
form SQ
•- via a comproportionation reaction; (v) SQ
•- are formed when hydroquinone-PCBs undergo
autoxidation in high pH buffer (≈>pH 8); and, surprisingly, (vi) quinone-PCBs in high pH buffer can
also form SQ
•-; (vii) these observations along with EPR suggest that hydroxide anion can add to the
quinone ring; (viii) H2O2 in basic solution reacts rapidly with PCB-quinones; and (ix) at near-neutral pH
SOD can catalyze the oxidization of PCB-hydroquinone to quinone, yielding H2O2. However, using
5,5-dimethylpyrroline-1-oxide (DMPO) as a spin-trapping agent, we did not trap superoxide, indicating
that generation of superoxide from SQ
•- is not kinetically favorable. These observations demonstrate
multiple routes for the formation of SQ
•- from PCB-quinones and hydroquinones. Our data also point
to futile redox cycling as being one mechanism by which oxygenated PCBs can lead to the formation of
reactive oxygen species, but this is most efﬁcient in the presence of SOD.
Introduction
Polychlorinated biphenyls (PCBs) are a class of environmental
pollutants that have from one to 10 chlorines substituted on the
phenyl rings. PCBs have been widely used from the 1930s to
the 1960s in diverse industrial applications, including cooling
and insulating ﬂuids for industrial transformers and capacitors,
hydraulic ﬂuids, and sealants (1, 2). PCBs are known to elicit
various adverse effects, including carcinogenicity, neuroendo-
crine disturbances, developmental and reproductive toxicity, and
immunotoxicity (3, 4). PCBs have been implicated in or related
to cancer such as malignant melanoma, breast, and lung cancers
in exposed populations (5). The production of PCBs was banned
in the 1970s due to the high toxicity of most PCB congeners
and mixtures. However, because of their physical and chemical
properties, PCBs are quite stable; thus, they remain as ubiquitous
environmental contaminants, which are frequently found as
complex mixtures of isomers and congeners in air, water, soil,
and dust on surfaces in homes and in factories (6).
Lower halogenated PCBs have been shown to be metabolized
by rat microsomes to phenol and dihydroxybiphenyl metabolites
(7–9). Robertson et al. have reported that the primary metabolites
of 4-monochlorobiphenyl are 4′-chloro-2-hydroxybiphenyl, 4′-
chloro-3-hydroxybiphenyl, and 4′-chloro-4-hydroxybiphenyl;
these phenolic compounds can then subsequently undergo a
second hydroxylation yielding 4′-chloro-3,4-dihydroxybiphenyl,
4′-chloro-2,3-dihydroxybiphenyl, and 4′-chloro-2,5-dihydroxy-
biphenyl (10). These para-dihydroxy PCBs and catechol type
ortho-dihydroxy PCBs can be further oxidized to reactive
quinones.
Early research suggests that the intracellular activation of
hydroquinones and quinones producing relatively stable semi-
quinone free radicals is an important step to account for their
cytotoxicity (11). Radicals produced “downstream”, such as
superoxide anion radical (O2
•-), will lead to hydrogen peroxide
and hydroxyl radical formation (HO
•); these active oxygen
species will deplete antioxidants and potentially lead to an
increase in oxidative stress (12–15). These reactive oxygen
species can oxidize lipids, proteins, and DNA (16–18).
In the work reported here, we used EPR to examine the many
routes that can lead to the formation of PCB-semiquinone radicals.
We also examined the different spectral patterns of these various
semiquinone radicals and used the changes observed in the EPR
spectra to understand their chemistry.
Materials and Methods
Caution: PCB deriVatiVes should be handled as hazardous
compounds in accordance with NIH guidelines.
Materials. Hypoxanthine (HX),
1 xanthine oxidase (XO),
horseradish peroxidase (HRP), tyrosinase (TYR), lactoperoxi-
dase (LPO), catalase (Cat), superoxide dismutase (SOD), and
diethylenetriaminepentaacetic acid (DETAPAC or DTPA) were
from Sigma (St. Louis, MO); benzoquinone, hydroquinone,
phenyl-quinone, sodium hydroxide, and H2O2 were from Fisher;
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was from Dojindo Laboratories (Japan). Materials were used
without further puriﬁcation. The various PCB hydroquinones
and quinones were synthesized as previously described (19–21).
Stock solutions (200 mM each) of PCBs were prepared in
DMSO. Stock solutions of HX (10 mM), HRP (0.2 U/µL), TYR
(1 U/µL), H2O2 (20 mM), SOD (100 U/µL), and Cat (20 U/µL)
were prepared with Nanopure water just before use; XO (10.8
mU/µL) and LPO (208 mU/µL) were used as received. All
experiments were carried out in 100 mM phosphate buffer
containing 250 µM DETAPAC. When needed, adjustment of
the pH was done with 5 M sodium hydroxide solution. All of
the PCB quinones and hydroquinones studied are shown in
Figure 1.
EPR Spectroscopy. EPR spectroscopy was done using a
Bruker EMX spectrometer equipped with a high-sensitivity
cavity and an Aqua-X sample holder. Spectra were obtained at
room temperature. Typical EPR parameters were as follows:
3511 G center ﬁeld; 15 or 80 G sweep width (for the spin
trapping experiments with DMPO); 9.854 GHz microwave
frequency; 20 mW power; 2 × 10
5 receiver gain; modulation
frequency of 100 kHz; modulation amplitude of 1 or 0.1 G;
with the conversion time and time constant both being 40.96
ms with 5 X-scans for each 1024 point spectrum.
The ﬁnal concentrations of PCB derivatives were 100 µM
unless speciﬁcally mentioned. Alkaline solutions (pH 10) were
prepared by adjusting with 5 M sodium hydroxide solution.
Spectral simulations of EPR spectra were performed using
the WinSim program developed at the NIEHS by Duling (22).
Correlation coefﬁcients of simulated spectra were typically
>0.99.
Oxygen Uptake. Oxygen uptake was determined with a Clark
type electrode using an YSI model 5300 Biological Oxygen
Monitor (Yellow Springs Instrument Co., Yellow Springs, OH).
All measurements were made at room temperature; 3.00 mL of
PBS buffer was loaded in the chamber of the oxygen monitor
and aerated by stirring for 5 min, and then, the electrode was
placed in contact with the solution, leaving no headspace for
air and ensuring that all air bubbles were removed. After a 2
min equilibration, reagents were introduced through the access
slot, and then, oxygen consumption was monitored. Each
experiment was repeated at least three times. Results of replicate
experiments varied less than (10%.
UV-Vis Spectroscopy. UV spectra were recorded with a
Hewlett-Packard 8453 diode array spectrometer. All measure-
ments were made at room temperature; 1.00 mL of PBS buffer
was loaded in the cuvette, stirring with a small stirring bar to
ensure that the solution mixed well. Using the kinetics setting,
after the introduction of reagents, the change in absorbance at
249 nm was recorded vs time.
Results and Discussion
The generation of semiquinone radicals by oxidation/reduction
of hydroquinones and quinones is well-documented (23–25).
Polychlorinated biphenyls can be oxidized to hydroquinones
(H2Q) and quinones (Q). These species can be converted to their
corresponding semiquinone free radicals (SQ
•-) that will have
a quite different reactivity than the parent quinone or hydro-
quinone. Here, we examine the formation of these SQ
•- radicals.
PCB Semiquinone Radicals Can Be Generated by Several
Approaches. SQ
•- Via Xanthine Oxidase. The one-electron
reduction of a quinone will yield its corresponding semiquinone
radical. To determine if typical reducing enzymes can facilitate
such a reaction, we examined the potential formation of SQ
•-
from quinones by the molybdoﬂavin enzyme xanthine oxidase.
Xanthine oxidase has been shown to reduce by one-electron
compounds, such as adriamycin, to their corresponding SQ
•-
(26) (Scheme 1). To demonstrate the usefulness of the hypox-
anthine/xanthine oxidase system (HX/XO) in our experiments
with PCB-derived quinones, we examined its ability to reduce
1,4-benzoquinone to its corresponding semiquinone radical. As
seen in the EPR spectrum of Figure 2a, the well-studied ﬁve-
line semiquinone free radical (1:4:6:4:1 intensity ratio, a
H (4)
) 2.37 G) of 1,4-benzoquinone (27, 28) was obtained im-
mediately after the introduction of 1,4-benzoquinone to the HX/
XO enzyme system. This demonstrates the utility of HX/XO, a
ﬂavoenzyme, in studying the reductive formation of
SQ
•-from Q.
1 Abbreviations: a
H (4), hyperﬁne splitting constant due to four identical
hydrogens; a
H3, hyperﬁne splitting due to the hydrogen on position 3 of
the PCB phenyl ring; BQ, benzoquinone; Cat, catalase; DETAPAC,
diethylenetriaminepentaacetic acid; DMPO, 5,5-dimethylpyrroline-1-oxide;
H2Q, hydroquinone; HRP, horseradish peroxidase; HX, hypoxanthine; LPO,
lactoperoxidase; MnSOD, manganese-containing superoxide dismutase; PQ,
phenyl-quinone; Q, quinone; QH, quinhydrone; SOD, superoxide dismutase;
SQ
•-, semiquinone; TYR, tyrosinase; xn′, represents a generic number of
chlorines, each at a position n on the secondary ring; XO, xanthine oxidase.
Figure 1. Chemical structures and nomenclature of the PCB quinones
and hydroquinones used.
Scheme 1. Reaction Pathways of PCB Hydroquinone,
Semiquinone, And Quinone
a
a High pH implies values greater than 8 or 9, as seen in Figure 7.
Tyrosinase only acts on ortho-hydroquinones.
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(Figure 1). Addition of the PCB-quinone 2′-Cl-2,5-Q to the HX/
XO system (pH 7.4) resulted in a distinct four-line spectrum
with a
H3 ) a
H4 ) 2.1 G and a
H6 ) 2.5 G (spectrum b of Figure
2). The spectrum of this radical appeared rapidly upon mixing
(<130 s); its intensity decreased with time lasting for several
minutes under our experimental conditions (an observed half-
life of about 6 min). The WinSim program provided the best
ﬁt when the hydrogens and chlorine on the second ring made a
contribution to the simulated spectrum (Table 1). These splitting
constants are all very small; thus, their contribution is in essence
only to the observed line width.
HRP/LPO with H2O2. Horseradish peroxidase (HRP) and
lactoperoxidase (LPO) are the enzymes known to catalyze H2O2-
dependent one-electron oxidations; these systems will oxidize
hydroquinones to the corresponding SQ
•-. When 2′-Cl-2,5-H2Q
was introduced into these systems, the spectra observed were
consistent with the formation of 2′-Cl-2,5-SQ
•- (Figure 2c,d).
When 3′-Cl-2,5-H2Qo r4 ′-Cl-2,5-H2Q was introduced, their
corresponding SQ
•- radicals were observed (not shown). These
spectra were identical (except for intensity) to those observed
when their respective quinones were exposed to the HX/XO
system. Thus, the same SQ
•- can be derived from either the
hydroquinone or the quinone with appropriate one-electron
oxidation or reduction.
Tyrosinase. Tyrosinase (TYR) is a copper-containing enzyme
present in plant and animal tissues. It catalyzes the two-electron
oxidation of ortho-hydroquinones (not para-hydroquinones) to their
corresponding quinones (29, 30). In our reaction, tyrosinase will
catalyze the oxidation of one molecule of PCB ortho-hydroquinone
to its quinone with the reduction of 1/2 molecule of oxygen to
form one H2O (Scheme 1). This introduction of quinone will allow
the formation of SQ
•- via the comproportionation of hydroquinone
and quinone. In air-saturated buffer at pH 7.4, 100 µM ortho-
hydroquinone 4′-Cl-3,4-H2Q produced a small background EPR
signal of 4′-Cl-3,4-SQ
•- (at the noise level), due to the slow
oxidation of the hydroquinone (not shown). However, in the
presence of TYR, a much stronger EPR spectrum of SQ
•- from
4′-Cl-3,4-H2Q was observed (Figure 2e). When a para-hydro-
quinone was exposed to TYR, no increase in SQ
•- was observed
(not shown). In the EPR experiments, if too much TYR was
introduced into the incubation such that all of the hydroquinone
was very rapidly oxidized to quinone, the EPR signal of SQ
•- was
quite weak or below the limit of detection.
If reaction mixtures identical to those used for EPR were
monitored for oxygen consumption, the predicted stoichiometric
loss of oxygen was observed with ortho-hydroquinones, while
no oxygen was lost with para-hydroquinones. These results
demonstrate that ortho-hydroquinone-PCBs have additional
mechanisms for radical formation as compared to para-
hydroquinone PCBs.
Autoxidation in Aerobic Solutions. When the phenolic OH
groups of hydroquinones ionize, the anions are prone to rapid
autoxidation. Indeed, the semiquinone radical of hydroquinone was
observed by EPR spectroscopy in the 1950s when it was introduced
to oxygenated, alkaline media (31). We hypothesized that hydro-
quinone derivatives of PCBs would also undergo a parallel
autoxidation reaction and generate corresponding PCB semiquino-
nes (Scheme 2A). To examine this hypothesis, we introduced 2′-
Cl-2,5-H2Q to an alkaline environment (pH 10); we obtained the
corresponding SQ
•- radical (Figure 2f and Table 1). It has been
suggested that the generation of SQ
•- in alkaline solution is only
the ﬁrst stage of the autoxidation of dihydroxy phenols (32–34).
The radical can continue to oxidize to quinone, and then, a
comproportionation reaction will turn one molecule of hydro-
quinone and one molecule of quinone into two molecules of SQ
•-
(Scheme 2B). Increasing the pH from 7 to 12 dramatically increased
the concentration of the initially formed SQ
•-; this is because high
[OH
-] increases the rate of autoxidation of hydroquinone and
decreases the rate of decay of SQ
•-, principally by disproportion-
ation (Scheme 1), which is dependent on [H
+]
2 (35).
Using the HX/XO system, we have shown above that PCB
quinones can be reduced by one electron to corresponding
PCB semiquinone radicals. In addition, H2Q can be oxidized
to form SQ
•-; high pH can increase this rate. However, a
most surprising observation is that 2′-Cl-2,5-Q in high pH
solution also generates a strong SQ
•- signal (Figure 2g). To
generate SQ
•- from Q, there must be a source of electrons.
In this experiment, we observed that the EPR signal for the
initial SQ
•- (≈1:3:3:1) radical gives way to a 1:2:1 spectrum,
consistent with the formation of a secondary radical SQ(II)
•-.
A possible mechanism for the continued autoxidation PCB
quinone is described in Scheme 2C. The evolution of the
EPR spectrum from a ≈1:3:3:1 pattern to a 1:2:1 pattern
indicates the loss of a hydrogen from the quinone ring (Figure
3). This suggests a base-catalyzed Michael addition of an
Figure 2. Semiquinone radical (SQ
•-) can be formed by many routes:
(a) SQ
•- generated from BQ reacted with HX/XO, [HX] ) 50 µM,
[XO] ) 20 mU/mL; (b) SQ
•- generated from 2′-Cl-2,5-Q reacted with
HX/XO, [HX] ) 50 µM, [XO] ) 20 mU/mL; (c) SQ
•- generated from
2′-Cl-2,5-H2Q reacted with HRP/H2O2, [HRP] ) 10 mU/mL, [H2O2]
) 10 µM; (d) SQ
•- generated from 2′-Cl-2,5-H2Q reacted with LPO/
H2O2 system, [LPO] ) 0.1 U/mL, [H2O2] ) 10 µM; (e) SQ
•- generated
from 4′-Cl-3,4-H2Q reacted with tyrosinase, [TYR] ) 2.5 U/mL; (f)
SQ
•- generated from 2′-Cl-2,5-H2Q at pH 10; (g) SQ
•- generated from
2′-Cl-2,5-Q at pH 10; and (h) SQ
•- generated from 2′-Cl-2,5-Q and
2′-Cl-2,5-H2Q mixed 1:1, pH 7.4. The EPR modulation amplitude was
1 G for spectra a-e and h and 0.1 G for spectra f and g.
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- to the quinone ring (OH
- can in principle substitute
for any of the three hydrogens on the quinone ring; only one
possibility is shown) (Scheme 2C). When quinone is intro-
duced to an alkaline solution, we initially see only the primary
Table 1. Hyperﬁne splitting Constants from the Various PCB-SQ
•-a
compd 234562 ′ 3′ 4′ 5′ 6′ line width
b
2′-Cl-2,5-Q (OH) 2.2 (H) 2.4 (H) (OH) 2.2 (H) 0.1 (Cl) 0.1 (H) 0.1 (H) 0.1 (H) 0.2 (H) 0.17
3′-Cl-2,5-Q (OH) 2.1 (H) 2.5 (H) (OH) 2.1 (H) 0.1 (H) 0.1 (Cl) 0.1 (H) 0.2 (H) 0.2 (H) 0.37
4′-Cl-2,5-Q (OH) 2.1 (H) 2.5 (H) (OH) 2.1 (H) 0.2 (H) 0.1 (H) 0.1 (Cl) 0.1 (H) 0.2 (H) 0.32
3′,4′-Cl-2,5-Q (OH) 2.1 (H) 2.5 (H) (OH) 2.1 (H) 0.1 (H) 0.17 (Cl) 0.1 (Cl) 0.1 (H) 0.3 (H) 0.32
2′-Cl-2,5-H2Q (OH) 2.2 (H) 2.5 (H) (OH) 2.2 (H) 0.1 (Cl) 0.1 (H) 0.1 (H) 0.1 (H) 0.2 (H) 0.11
3′-Cl-2,5-H2Q (OH) 2.1 (H) 2.5 (H) (OH) 2.1 (H) 0.1 (H) 0.1 (Cl) 0.2 (H) 0.2 (H) 0.3 (H) 0.09
4′-Cl-2,5-H2Q (OH) 2.1 (H) 2.5 (H) (OH) 2.1 (H) 0.2 (H) 0.1 (H) 0.1 (Cl) 0.1 (H) 0.2 (H) 0.19
4′-Cl-2,3-H2Q (OH) (OH) 0.5 (H) 3.9 (H) 3.2 (H) 0.1 (H) 0.1 (H) 0.1 (Cl) 0.1 (H) 0.1 (H) 0.10
3′,4′-Cl-2,3-H2Q (OH) (OH) 0.6 (H) 3.8 (H) 3.3 (H) 0.1 (H) 0.1 (Cl) 0.1 (Cl) 0.1 (H) 0.1 (H) 0.14
4′-Cl-3,4-H2Q 0.1 (H) (OH) (OH) 1.2 (H) 3.2 (H) 0.7 (H) 0.3 (H) 0.1 (Cl) 0.3 (H) 0.7 (H) 0.11
2′,5′-Cl-3,4-H2Q 0.7 (H) (OH) (OH) 1.0 (H) 3.3 (H) 0.2 (Cl) 0.4 (H) 0.2 (H) 0.2 (Cl) 0.6 (H) 0.20
2′,3′-Cl-3,4-H2Q 0.8 (H) (OH) (OH) 1.1 (H) 3.3 (H) 0.3 (Cl) 0.2 (Cl) 0.1 (H) 0.2 (H) 0.4 (H) 0.07
a These hyperﬁne splittings (in Gauss) are the results from simulations of the experimental spectra. Assignment of hyperﬁne splittings to particular
hydrogens on the semiquinone ring followed examples of previously published work (36–38). On the secondary ring, we make no deﬁnite assignments.
The numbering pattern is for the structure:
b In Gauss.
Scheme 2. Mechanisms for the Autoxidation of PCB Hydroquinone and Quinone To Generate SQ
•- and SQ(II)
•-
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•-; the secondary radical SQ(II)
•- is observed after
some time has passed, indicating that the reaction is
somewhat slow and a signiﬁcant amount of the trihydroxy
compound must be formed before the 1:2:1 spectrum can be
observed. The addition of OH
- to the quinone ring provides
the reducing equivalents to form the initial SQ
•- observed
as well as SQ(II)
•- (Scheme 2C).
SQ
•- Via Comproportionation. To demonstrate that SQ
•-
can be formed by the comproportionation reaction of H2Q
and Q, we examined by EPR solutions containing both
species (Scheme 2B). We used quinhydrone, a charge transfer
complex consisting of equal parts of hydroquinone interacting
with benzoquinone through ring stacking, as a test system; a
strong EPR spectrum for the benzosemiquinone radical was
observed in neutral solution consistent with an equilibrium
comproportionation reaction (spectrum not shown; it has the
same characteristics as the spectrum of Figure 2a). When
2′-Cl-2,5-Q and 2′-Cl-2,5-H2Q were mixed (1:1 ratio, 50 µM
each) in neutral solution, the corresponding SQ
•- radical was
observed by EPR (Figure 2h). When the ratio of H2Q:Q was
varied over the range of 1:9 to 9:1 (keeping [H2Q] + [Q] )
100 µM), SQ
•- was observed at all ratios with approximately
the same intensity. This is consistent with comproportionation
and disproportionation reactions achieving equilibrium rap-
idly, on the time scale of the EPR observations, with an
accompanying autoxidation reaction removing the radical.
As expected, the intensity of the EPR signal increased with
increasing pH. At high pH, the hydroquinone will ionize,
leading to a more rapid autoxidation; in addition, the
disproportionation reaction is slowed, as protons are needed,
thus a higher EPR signal intensity.
Characterization of SQ
•- Generated from a Wide Range
of Oxygenated PCBs. Because semiquinone radicals are more
stable in alkaline solution, we generated a series of PCB
semiquinone radicals at pH 10 to investigate the inﬂuence of
the chemical structure on the EPR spectra (Figure 4). Here, we
focus on the initially formed, primary radicals that are observed
upon raising the pH to 10.
The EPR spectra of the SQ
•- generated from different xn′
-Cl-2,5-Q and xn′-Cl-2,5-H2Q are quite similar (Figure 4A,B);
starting with either the quinone or the hydroquinone of a speciﬁc
xn′ -Cl-2,5-Q, the same semiquinone spectrum was observed.
Hyperﬁne splitting constants, derived from simulation (Table
1), showed three nearly identical hydrogens, which yield a 1:3:
3:1 four-line spectrum. These results show that the primary
interactions are with the hydrogens on the semiquinone ring;
the other ring provides no unique splittings, perhaps only
contributing to the line width.
There are two different families of PCB ortho-hydroquinones,
2,3-H2Q and 3,4-H2Q. When oxidized to their corresponding
SQ
•-, each member of a family produced a similar EPR spectral
pattern (Figure 4C,D and Table 1). Successful simulations of
spectra from 2,5-SQ
•- or 2,3-SQ
•- did not require any contribu-
tions of hyperﬁne splittings from the other phenyl ring. However,
for the 3,4-SQ
•- (Figure 4D), hyperﬁne splittings from the
second phenyl ring contributed markedly. Deﬁnitive assignments
of hyperﬁne splittings to speciﬁc H or Cl atoms from the second
phenyl ring (the phenyl ring with Cl) have not been made (Table
1). We have used the literature (36–38) to guide our assignment
of the hyperﬁne splitting constants for the hydrogens on the
semiquinone ring. The simulation results are consistent with
low spin density on the secondary ring. However, the xn′-Cl-
3,4-SQ
•- radicals show considerable spin density on the
secondary ring, especially 4′-Cl-3,4-SQ
•-.
Spin Trapping with DMPO. Semiquinones can transfer an
electron to oxygen generating the superoxide radical (18, 39).
Superoxide can play a key role in the generation of oxidative
damage under various pathophysiological conditions. However,
O2
•- is very short-lived, and in most cases, the sensitivity of
EPR spectroscopy is insufﬁcient for direct detection. Thus, we
used EPR spin trapping to probe for the formation of superoxide
radicals (40–42). A spin trap reacts with short-lived radicals to
form much longer-lived spin adducts that accumulate to a level
detectable by EPR.
In Figure 5, spectrum “a” is a control demonstrating the
absence of artifactual signals from DMPO. Spectrum “b”
represents the typical DMPO/
•OOH spin adduct generated
from HX/XO system and trapped by DMPO; some DMPO/
HO
• spin adduct is also present. When 2′-Cl-2,5-Q was added
to DMPO in neutral solution, both SQ
•- and DMPO/HO
•
were detected (Figure 5c). If SOD was included, there was
no signiﬁcant change in the intensity of the spectrum of SQ
•-
(spectrum “d”), but the signal of the DMPO/HO
• radical
increased. Because no evidence for DMPO/
•OOH radical was
observed in “c” and SOD did not decrease the DMPO/HO
•
signal, there appears to be no signiﬁcant superoxide formation
from 2′-Cl-2,5-Q.
When 2′-Cl-2,5-H2Q was substituted for 2′-Cl-2,5-Q, the
addition of SOD stimulated the generation of SQ
•- (Figure 5e,f);
the intensity of the SQ
•- spectrum increased over time, reached
a steady state, and then decreased (data not shown). Cat had no
effect on the generation of SQ
•- or DMPO/HO
• radical (not
shown). These observations indicate that generation of super-
oxide from SQ
•-, reaction 1, is not kinetically or thermody-
namically favorable.
SQ
•-+O2hO2
•-+Q (1)
The equilibrium for this reaction lies far to the left. Using
benzoquinone and various substituted quinones as references,
the rate constant for the forward reaction will be approximately
10
4-10
5 M
-1 s
-1, while the rate constant for the reverse
reaction is on the order of 10
9 M
-1 s
-1 (18, 43, 44). This rapid
back reaction explains why our spin trapping experiment cannot
detect superoxide formation.
SOD Catalyzes the Autoxidation of Hydroquinone as
Seen by UV Spectroscopy. The increase in [SQ
•-] observed
in Figure 5f suggests that SOD can catalyze the autoxidation
of 2′-Cl-2,5-H2Qt o2 ′-Cl-2,5-Q. To observe if the rate of
formation of 2′-Cl-2,5-Q increases when SOD is added to a
near-neutral solution of 2′-Cl-2,5-H2Q, we used UV spec-
troscopy to follow the rate of formation of 2′-Cl-2,5-Q. In
the absence of SOD, the autoxidation of 2′-Cl-2,5-H2Q (100
Figure 3. EPR spectra from dihydroxyl and trihydroxyl PCB: Changes
in the EPR spectra of 2′-Cl-2,5-H2Q after introduction of NaOH (15
µL of 5 M NaOH add into 2000 µLo f1 0 0µM2 ′-Cl-2,5-H2Q in buffer):
(a) before introduction of NaOH and (b) 5 min after the introduction
of NaOH. The EPR modulation amplitude was 1 G.
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is present at time zero, there is no change in the initial rate
of autoxidation; however, after about 10 min or so, autoxi-
dation accelerates (Figure 6c). If a trace of 2′-Cl-2,5-Q (1
µM) is introduced at time zero along with SOD, there is no
lag time for a much more rapid rate of autoxidation. These
observations are parallel to those observed by Eyer in a study
of hydroquinone autoxidation (44); this same process appears
to hold with coenzyme Q semiquinone radical in mitochon-
dria with changes in MnSOD (45). Superoxide is formed by
reaction 1; however, the equilibrium lies far to the left. SOD
pulls this equilibrium by removing superoxide before it enters
the back reaction due to its very rapid dismutation of
superoxide, reaction 2.
Figure 4. Semiquinone radical generated from PCB with different substitution patterns at pH 10 and computer simulations. Hyperﬁne splittings and
spectral line widths derived by simulation of experimental spectra are presented in Table 1. (A) Semiquinone radicals generated from different
2,5-Q at pH 10: (a) SQ
•- generated from 4′-Cl-2,5-Q; (b) SQ
•- generated from 3′-Cl-2,5-Q; (c) SQ
•- generated from 3′,4 ′-Cl-2,5-Q; and (d) SQ
•-
generated from PQ. (B) Semiquinone radicals generated from different 2,5-H2Q at pH 10: (a) SQ
•- generated from 4′-Cl-2,5-H2Q; (b) simulation
of 4′-Cl-2,5-SQ
•-; and (c) SQ
•- generated from 3′-Cl-2,5-H2Q. (C) Semiquinone radicals generated from different 2,3-H2Q at pH 10: (a) SQ
•-
generated from 4′-Cl-2,3-H2Q; (b) SQ
•- generated from 3′,4′-Cl-2,3-H2Q; and (c) simulation of 3′,4′-Cl-2,3- SQ
•-. (D) Semiquinone radicals
generated from different 3,4-H2Q at pH 10: (a) SQ
•- generated from 4′-Cl-3,4-H2Q; (b) simulation of 4′-Cl-3,4-SQ
•-; (c) SQ
•- generated from
2′,5′-Cl-3,4-H2Q; (d) simulation of 2′,5′-Cl-3,4-SQ
•-; (e) SQ
•- generated from 2′,3′-Cl-3,4-H2Q; and (f) simulation of 2′,3′-Cl-3,4-SQ
•-.A l l
experimental spectra were collected using a 0.1 G modulation amplitude.
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++2O2
•-9 8
SOD
O2+H2O2 (2)
In the experiment of Figure 6c, the rate of autoxidation remains
low until signiﬁcant 2′-Cl-2,5-Q is generated, allowing for the
comproportionation reaction of 2′-Cl-2,5-Q with 2′-Cl-2,5-H2Q
to form SQ
•-, reaction 3. However, if a trace of 2′-Cl-2,5-Q is
introduced at time zero (Figure 6d), no lag time is observed
because all of the ingredients are present to make signiﬁcant
SQ
•-.
H2Q+Qh2SQ
•-+2H
+ (3)
These observations suggest that oxygen will be consumed in
the autoxidation reaction, giving rise to the formation of H2O2,
the net reaction being
H2Q+O2fH2O2+Q (4)
Oxygen Consumption. Oxygen Uptake at Near-Neutral
pH. If SOD accelerates the rate of oxidation of 2′-Cl-2,5-H2Q
as seen by formation of quinone, then the rate of oxygen
consumption should also increase. Indeed, when 2′-Cl-2,5-H2Q
(500 µM) was introduced into pH 7.4 PBS, the rate of oxygen
consumption paralleled all of the results of Figure 6 (data not
shown). The introduction of Cat to a partially oxidized solution
of 2′-Cl-2,5-H2Q demonstrated that nearly all of the oxygen
consumed was present as H2O2. These observations support
reactions 1–4 as being operative in this system.
Oxygen Uptake in Alkaline pH Solutions. Autoxidation of
2′-Cl-2,5-H2Q in alkaline pH is accelerated due to ionization
of the phenolic hydroxyls and subsequent one-electron oxidation
to 2′-Cl-2,5-SQ
•-, followed by loss of a second electron yielding
2′-Cl-2,5-Q. One might predict that 1 equiv of H2Q would
consume 1 equiv of dioxygen, yielding 1 equiv of H2O2
(reaction 4). Interestingly, the amount of oxygen consumed is
a function of pH (Figure 7). We observed a sharp increase in
the amount of oxygen consumed as the pH was increased from
pH 8 to pH 13. At higher pH values, we observed that H2Q
consumed almost 2 equiv of oxygen, rather than the 1 equiv
anticipated; unexpectedly, we observed that the quinone also
consumed oxygen in a pH-dependent manner. The amounts of
oxygen consumed by H2Q and Q paralleled each other; the
quinone form always consumed one-half equiv less oxygen than
H2Q at a particular pH. These observations are consistent with
oxidation of hydroquinone to quinone, followed by the nucleo-
philic addition of OH
- to the quinone forming a trihydroxy
compound that can be oxidized in the high pH environment
(Scheme 2C). When starting with the quinone, there would be
no initial oxidation; thus, less oxygen would be consumed.
The rate of consumption of oxygen is dramatically increased
upon initiating a pH jump of a near-neutral solution of the
oxygenated PCBs that we examined (Figure 7). If reaction 4 is
operative, then H2O2 should be formed. We investigated this
possible formation of H2O2 using 2′-Cl-2,5-H2Q and 2′-Cl-2,5-
Figure 5. Spin trapping with DMPO indicates that superoxide formation
is below the limit of detection. (a) EPR spectrum by DMPO (50 mM) in
PBS with DETAPAC (250 µM); (b) superoxide and hydroxyl adducts of
DMPO (50 mM) generated with HX/XO at pH 7.4 (a
N ) 14.1 G, a
H )
11.3 G with an additional hydrogen splitting of 1.3 G for DMPO/
•OOH,
and a
N ) a
H ) 14.9 G for DMPO/
•OH); (c) spectrum generated from
2′-Cl-2,5-Q (1 mM) and DMPO (100 mM) at pH 7.4; (d) spectrum
generated from 2′-Cl-2,5-Q (1 mM), DMPO (100 mM), and 500 U SOD/
mL at pH 7.4; (e) spectrum generated from 2′-Cl-2,5- H2Q (1 mM) and
DMPO (100 mM) at pH 7.4; and (f) spectrum generated from 2′-Cl-2,5-
H2Q (1 mM), DMPO (100 mM), and 500 U SOD/mL at pH 7.4. All
experimental spectra were collected using a 1.0 G modulation amplitude.
Figure 6. SOD accelerates the autoxidation of hydroquinone. The
formation of 2′-Cl-2,5-Q during the autoxidation of 2′-Cl-2,5-H2Q (0.1
mM) was followed at 249 nm. (a) 2′-Cl-2,5-H2Q (0.1 mM); (b) 2′-Cl-
2,5-H2Q (0.1 mM) mixed with 2′-Cl-2,5-Q (1 µM); (c) 2′-Cl-2,5-H2Q
(0.1 mM) with 100 U/mL SOD; and (d) 2′-Cl-2,5-H2Q (0.1 mM) mixed
with 2′-Cl-2,5-Q (1 µM) plus 100 U/mL SOD.
Figure 7. Oxygen consumption of PCB hydroquinone and quinone in
different pH solutions. 2′-Cl-2,5-H2Q (100 µM) or 2′-Cl-2,5-Q (100
µM) was introduced into the closed chamber of the YSI Biological
Oxygen monitor containing solutions having different pH values. The
data points are the means of three determinations; standard errors are
in general smaller than the symbols used to present the data.
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can be used as a tool to examine the stoichiometry of the
reduction O2 to H2O2. In near-neutral solution, little or no
oxygen was consumed after introduction of 2′-Cl-2,5-H2Q
(Table 2, exp 1). However, if the pH is increased to ≈12 by
the addition of NaOH, a rapid loss of oxygen occurs (-170
µM) (Table 2, exp 2). If reaction 4 holds, we would have
expected to lose only 100 µMO 2. These observations are
consistent with Figure 7 and the reactions outlined in Scheme
2C. Most surprising was our observation that upon introduction
of Cat, little if any oxygen returned, indicating that there was
no hydrogen peroxide in the system. (Although high pH
inactivates enzymes, this high pH did not inactivate Cat in the
short time frame of an experiment; data not shown.)
To determine if the hydroquinone reacts directly with H2O2,
we introduced 100 µMH 2O2 into a neutral solution of 100 µM
2′-Cl-2,5-H2Q. After 15 min, all of the H2O2 was still present
as the introduction of Cat saw the return of 50 µMO 2 (Table
2, exp 3). Thus, there is no rapid direct reaction of hydroquinone
with H2O2. In exp 4, we introduced H2O2 after the reactions
initiated by the pH jump were complete. The addition of Cat
resulted in the return of 50 µMO 2, demonstrating that there
was no rapid direct reaction of H2O2 with the oxidation products
of 2′-Cl-2,5-H2Q. Interestingly, the introduction of H2O2 before
the pH jump reduced oxygen consumption (-170 to -90 µM;
Table 2, exp 5); Cat returned only 30 µM oxygen, indicating
that some of the H2O2 was lost. Experiments 1-5 of Table 2
indicate that H2O2 must be reacting with intermediates in the
oxidation reactions of 2′-Cl-2,5-H2Q.
Hydrogen peroxide has been shown to react with benzoquinone
(46) and chlorinated benzoquinone (47). Experiments 6-10 of
Table 2 examine the possible reaction of H2O2 with a typical PCB-
quinone, 2′-Cl-2,5-Q. At near-neutral pH, there was no apparent
reaction of H2O2 with 2′-Cl-2,5-Q (exp 8). However, experiments
7 and 10 show a considerable loss of H2O2 upon a pH jump. An
explanation for this observation is that in pH 12 solution, some
H2O2 will be deprotonated (pK1 for H2O2 to form OOH
- is 11.7,
48). The peroxide anion is a powerful nucleophile, much more
reactive than hydroxide anion (47). It will react with PCB quinone,
similar to OH
-; however, the reaction will likely be much faster
(Scheme 2D). Thus, experiments 7 and 10 in Table 2 with 2′-Cl-
2,5-Q are consistent with a rapid nucleophilic addition reaction of
H2O2, via OOH
-, to the quinone.
Conclusions
In this work, we have demonstrated the following:
1. The same semiquinone radical is produced when a PCB-
hydroquinone undergoes a one-electron oxidization or the
quinone form undergoes a one-electron reduction. This can
be accomplished many different ways, including the following:
(a) Xanthine oxidase can reduce quinone PCBs to the
corresponding SQ
•-.
(b) The heme-containing peroxidases (horseradish and lac-
toperoxidase) can oxidize hydroquinone PCBs to the
corresponding SQ
•-.
(c) Tyrosinase acting on PCB ortho-hydroquinones leads to
formation of SQ
•-.
(d) SQ
•- is formed rapidly when hydroquinone-PCBs un-
dergo air oxidation in high pH buffer (≈>pH 8).
(e) Quinone-PCBs in high pH buffer can also form SQ
•-.
(f) Mixtures of PCB-quinone and hydroquinone form SQ
•-
via a comproportionation reaction.
2. The EPR spectra of semiquinone radicals produced from
structurally similar PCB hydroquinones and quinones had
similar spectral patterns as characterized by hyperﬁne splittings.
3. The production of superoxide radicals could not be observed
using DMPO as a spin trapping agent due to the rapid reaction
of superoxide with quinone; however, SOD accelerates the
autoxidation of hydroquinone indicating a role for superoxide.
4. At higher pH, hydroxide anion can add to the quinone ring
of a PCB-quinone, leading to the formation of a new
hydroquinone and rupture of the quinone ring.
5. Using oxygen consumption at higher pH, the autoxidation
of both hydroquinone and quinone consumed oxygensthis
oxygen consumption could be greater than the 1:1 stoichi-
ometry predicted by reaction 2.
6. H2O2 does not accumulate when a PCB-hydroquinone
autoxidizes at high pH; H2O2 appears to react with inter-
mediates formed during the oxidation process.
7. H2O2 accumulates when SOD is present in an autoxidizing
PCB-hydroquinone solution at near-neutral pH; without
Table 2. Oxygen Uptake and Changes in [H2O2] upon Oxidation of 2′-Cl-2,5-H2Qo r2 ′-Cl-2,5-Q by Increasing the pH
change in oxygen concentration (µM)
a,b
additions exp 1 exp 2 exp 3 exp 4 exp 5
2′-Cl-2,5-H2Q (100 µM)
c 0
d 0000
H2O2 (100 µM)
e 00
NaOH
f -170 -170 -90
H2O2 (100 µM) 0
Cat (150 U/mL) 0 +<5 +50 +50 +30
expected with Cat
g 0 +50 +50 +100 +100
change in oxygen concentration (µM)
a,b
additions exp 6 exp 7 exp 8 exp 9 exp 10
2′-Cl-2,5-Q (100 µM ) 00000
H2O2 (100 µM) 00
NaOH
f -70 -70 -50
H2O2 (100 µM) 0
Cat (150 U/mL) 0 +<5 +50 +50 +5
expected with Cat
g 0 +35 +50 +50 +50
a Each experiment was done at least three times. Variations between experiments are on the order of 10%.
b Each entry represents the change in
oxygen concentration after the addition. The additions were made sequentially as shown down column 1.
c In PBS, pH 7.4.
d The actual loss of oxygen
is less than or on the order of the drift of the instrument, which typically is less than 5 µM per 15 min.
e A blank cell indicates that there was no
addition of this reagent and thus no change in [O2].
f The addition of 20 µL of 5 M NaOH into 2 mL of buffer increases the pH of solution to over 12.
g Expected return of oxygen assuming that the only important reaction upon introduction of NaOH is reaction 2 when hydroquinone is reactant; if
quinone is the reactant, the expected return of oxygen assumes no reaction between the quinone and the H2O2.
1366 Chem. Res. Toxicol., Vol. 21, No. 7, 2008 Song et al.SOD, the reaction is too slow to observe any loss of O2 or
accumulation of H2O2.
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